• Maize seeding over 20,000 kernels ha -1 seldom increased yield in water-limited western Nebraska.
, rows ear , 100-kernel weight, and bulk grain density were determined. Path and regression correlation analyses was used to understand yield determination with seeding rates, and determine yield component relative importance. Seeding rates >20,000 kernels ha -1 only increased maize yield in one environment, whereas decreasing yield by approximately 1 Mg ha -1 in three environments. In the hot, dry 2012 growing season, ears m -2
, kernels ear
, and 100-kernel weight had positive direct effects on yield for sites with silt loam and loam soil textures, but only the kernels ear -1 for the sandy soil site. In the higher rainfall environments of 2013, positive direct effect of ears m -2 with yield were present, but in the lower rainfall site, ears m -2 had negative direct effect with yield. Based on the magnitude of the direct effects, the yield component ears m -2 was most important for yield determination followed by the kernels ear , and lastly kernel weight. Maize should be planted at 20,000 kernels ha -1 in the Western Corn Belt to optimize grain yield and the number of ears m -2 produced.
Abbreviations: CAIC, Consistent Akaike's Information Criterion; L, location; RMSE, root mean square error; y, year.
M aize (Zea mays L.) grain yield response to increasing plant population in highrainfall and irrigated environments often follows quadratic (Milander et al., 2016 Assefa et al., 2017) or quadratic-plateau models (Hammer et al., 2009) . Hammer et al. (2009) found simulated yield plateaus with increasing plant population with the plateau starting at approximately 60,000 plants ha -1 in high-yield environments and 40,000 plants ha -1 in low-yield environments, often with declining grain yields as plant population increased in low-yield environments. Actual grain yield data across locations was less clear. Meta-analysis by Assefa et al. (2016 Assefa et al. ( , 2017 characterized maize plant population response by environment. In low-yield environments, grain yield decreased with increasing plant population down to the lowest plant population in the studies of 40,000 plants ha -1 , in mid-yield environments grain yield was constant with changing plant population, in high-yield environments the grain yield increased to a maximum plant population and reached a ceiling, and in very high-yielding environments grain yield continued increasing to the highest plant populations. Variable maize grain yield responses to changes in plant populations is common across years, well-watered locations, and optimal production practices (Reeves and Cox, 2013; Edwards, 2016; Milander et al., 2016) .
Rainfed maize production in the Western Corn Belt is limited by low and erratic annual rainfall (Nielsen et al., 2009 ) and approximately 120 d frost-free growing season. Rainfed maize grain yields in the Western Corn Belt respond positively to increased soil-stored water at planting, and increased rainfall or irrigation at the critical pollination growth stage in July. In high rainfall years, maize grain yields increase up to 56,800 plants ha -1 , whereas in dry years, seeding rates of 27,200 kernels ha -1 or less produced the highest grain yield. advised a maize plant population of 30,000 plants ha -1 as a base recommendation for western Nebraska, and Norwood and Currie (1996) found a base plant population of 24,200 plants ha -1 in western Kansas. Norwood (2001) found that increased plant population increased the number of ears m -2 while decreasing the kernel weight ear -1 under limited rainfed conditions in western Kansas. One of the only maize grain yield component studies in the Western Corn Belt (Pavlista et al., 2010) found that increased plant population increased grain yield while reducing ear length, number of kernels ear
, and kernel weight under both rainfed and partially irrigated sites.
Maize hybrid response to seeding rate change for grain yield can differ (Sangoi et al., 2002; Berzsenyi and Tokatlidis, 2012; Edwards, 2016 : Amelong et al., 2017 , but hybrid improvement to increase grain yield per plant at constant plant populations under wellwatered conditions has not been obtained (Duvick, 2005) . Tokatlidis et al. (2015) documented hybrid differences with 44,400 plants ha
under 50% deficit irrigation. Berzsenyi and Tokatlidis (2012) found differential quadratic maize plant population responses between 30,000 to 90,000 plants ha -1 for hybrids over 9 yr in Hungary, but the very dry growing season from the data that most closely corresponded to this study was omitted. Solomon et al. (2017) found complex genotype maturity × environment × plant population interactions in seasonal rainfall areas between 240 and 510 mm in Australia. However, for all hybrids the mean maize grain yield increased with plant populations greater than 20,000 plants ha -1 in all environments. Hybrid differences in response to different plant populations is limited for dryland production in the Western Corn Belt. Tokatlidis (2013) concluded that plant population is a critical decision for farmers to choose optimal levels to optimize grain yield and income across diverse environments. Until a population-neutral maize hybrid is developed for the Western Corn Belt, selection of seeding rate/plant population will remain one of the key management decisions for optimal production of maize in limited and erratic rainfall conditions regardless of maize hybrid.
Maize grain yield is the product of yield components that are interrelated, have compensatory effects, and develop sequentially at different growth stages (Milander et al., 2016 , which partially acts as a buffer against low grain yield (Hay and Walker, 1989) in the Western Corn Belt. The compensatory effect of grain yield components allows reductions in the early developing grain yield components to be compensated for by increases in later occurring grain yield components if adequate rainfall is present (Nielsen et al., 2009) . The timing of environmental and crowding stress affects solar radiation, nutrient, and water use, as they alter grain yield components as plant population increases (Rajcan and Swanton, 2001) . Stressful early season growing conditions, and weed inter-and intraplant competition reduces the number of ears m -2 or ears plant -1 (Evans et al., 2003) , while increasing plant population also increases the number of ears m -2 (Milander et al., 2016 and decreases the number of kernels ear -1 (Norwood, 2001; Sangoi et al., 2002; Pavlista et al., 2010) . Severe early season stress and competition also reduces the number of rows ear -1 , but this is limited as the number of rows ear -1 is controlled largely by genetics (Abendroth et al., 2011) . Mid-season late-vegetative to mid-grain-fill growth stages of V15 to R3 are the most sensitive stages to environmental stress, especially to water and heat, stress, and competition (Abendroth et al., 2011) . During the critical flowering-pollination stage, environmental stress and competition influence synchronous pollen shed and silking, which must occur for pollination, thereby influencing the number of kernels ear -1 (Cicchino et al., 2010) . Kernel abortion during early grain-fill reduces the number of kernels ear -1 and row -1 (Westgate et al., 2004; Abendroth et al., 2011) . The number of kernels ear -1 and kernels row -1 have been shown to decrease with increasing plant population in rainfed environments with limited seasonal rainfall (Norwood, 2001) .
Late-season conditions influence kernel weight and a stressful environment during grain-fill can result in low kernel weights (Abendroth et al., 2011) and bulk density, and kernel weight often decreases as plant population increases (Milander et al., 2016 . Studies indicate that kernel weight is more stable across environments and different levels of plant competition than other yield components (Eichenberger et al., 2015) .
The primary grain yield components ears m -2
, and kernel weight potentially have direct effects on maize grain yield and indirect effects via other yield components, whereas secondary components such as number of rows ear -1 and kernels row
have only indirect effects through primary grain yield components on grain yield. Path correlation analysis is a very useful tool for evaluation of relationships among maize grain yield, yield components, and related parameters . Path correlation analysis of grain yield components and grain yield requires a causal relationship to exist and uses structural linear regression analysis. This allows separation of direct and indirect effects, and in contrast to other methods, demonstrates the direction of these effects (Li, 1975) . Several grain yield component studies have been conducted on maize genetics (Agrama, 1996; Mohammadi et al., 2003) , but few crop management studies using path analysis have been reported-except for varying plant populations in relatively well-watered conditions Kmail et al., 2017) . Based on the impact of the aforementioned factors on the grain yield and yield components of maize grain in rainfed areas, an experiment was designed to evaluate the effects of seeding rate on maize grain yield and yield components in three rainfed locations in the Western Corn Belt. The general objective was to determine grain yield and yield component responses to seeding rate across six environments, and compare grain yield components using path analysis. This research should aid in designing and interpreting future crop management research to determine best management practices for maize production in the Western Corn Belt and other water-limited environments.
MATERIALS AND METHODS
Field experiments were conducted in 2012 and 2013 in rainfed environments on a Kuma loam soil (fine-silty, mixed, superactive, mesic Pachic Haplustoll) at Brule (2012 Brule ( , 41.163, -101.987, 1124 2013, 41.163, -102.026 (Table 1) .
Soils were sampled and tested before planting and all had a pH of approximately 6.5, and P, K, and Zn levels were greater than the sufficiency levels (Shapiro et al., 2008) . Soil organic matter concentrations were 20 g kg -1 at Brule and North Platte, and 10 g kg -1 at Ogallala. Pre-plant liquid N fertilizer rates were based on an expected maize grain yield of 8.0 Mg ha -1 at North Platte and 6 Mg ha -1 at Brule and Ogallala. Nitrogen was applied at 67 kg ha -1 at Brule, 90 kg ha -1 at Ogallala, and 112 kg ha -1 at North Platte. In addition, an extra 45 kg ha -1 liquid N was applied at the V7 growth stage in all environments to ensure adequate available N for greater maize grain yield when above-average seasonal rainfall occurred. At planting, 47 L ha -1 of 10-34-0 (N-P-K) starter fertilizer was applied in the seed slice as is common farmer practice to promote early season growth. Production practices included no-till planting, and recommended pre-emergent and post-emergent herbicides for weed control. Row spacing was 76 cm.
The experiments were conducted in a randomized complete block design with three replications. A factorial combination of four maize hybrids in 2012 and six hybrids in 2013 combined with seeding rates of 20,000, 32,000, 44,000, and 57,000 kernels ha -1 were used. Plots were four rows (2.8 m wide) by 15 m long.
Grain yield data were measured by mechanically harvesting the middle two rows of the plots at approximately 200 g kg -1 water content. Grain was weighed, water content and bulk density were measured with a combine-mounted tester, and grain yield for each plot was adjusted to a moisture content of 150 g kg -1
. Prior to harvest, the number of ears was counted to determine the number of ears m -2
. Three-ear samples from consecutive, evenly spaced plants were collected from each plot, stored, and used to measure the grain yield components. Primary grain yield components measured were number of ears m -2 , kernels ear
, and kernel weight, and the secondary grain yield components of rows ear -1 and kernels row -1
were hand counted. The number of kernels ear -1 was hand counted and 100 kernels were randomly selected from each ear and weighed to determine the kernel weight. Water content was measured and 100-kernel weight was adjusted to a moisture content of 150 g kg -1
. Data were analyzed using PROC MIXED of SAS Version 9.3 (SAS Institute, 2014). Since little information was available for hybrids planted in the study, and grain yield levels and grain yield response to plant population were expected to be similar (Duvick, 2005; Tokatlidis, 2013) , it was assumed that hybrid effects were random and considered to be replications. Analysis of variance was conducted with environment and seeding rate main effects and their interactions considered as fixed effects. Lack-of-fit procedures were used to determine the shape of the continuous variable seeding rate main and interactive effects, and appropriate regression equations were calculated by thousand kernels ha -1 for means (Milander et al., 2016; Kmail et al., 2017) . Pearson correlations and path analysis were conducted separately for each location and year. Pearson correlations were calculated to identify interrelationships among measured parameters, and path correlation analysis of grain yield and the components of ears m , and kernels row -1 was completed using PROC CALIS to determine model goodness-of-fit. Bulk density was not used in the path analysis due to close association with kernel weight and not being a grain yield component.
RESULTS AND DISCUSSION

Soil and Seasonal Climatic Conditions
The Kuma loam and Holdrege silt loam soils had similar surface horizon organic matter concentrations of 20 g kg and available water holding capacities of 0.11 mm mm -1 depth, approximately half of the Kuma and Holdrege soils. Thus, the Vetal loamy fine sand soil had a lower rainfed grain yield potential - when in-season water stress was present. Observations indicated that all soils were at or near field capacity at planting in 2012 following good April rainfall, but soils were far short of field capacity at planting in 2013 following a dry winter and limited April rainfall (Table 1) . Thus, the environments in 2012 would be expected to have more late-season stress if normal seasonal rainfall occurred, whereas in 2013 more early season stress would be expected. Based on seasonal and July rainfall during the critical pollination stage, and average temperatures, all 2012 environments had low rainfall and high temperatures in May through September (Table  1) . In 2013, Ogallala likely had the greatest grain yield potential due to receiving the most rainfall, but this was partially negated by having the lowest water holding capacity soil (USDA, 2018). Brule had intermediate rainfall and grain yield potential, and North Platte had the lowest rainfall and grain yield environment.
Grain Yield and Yield Components
Maize grain yield increased with increasing seeding rate in oneout-of-six environments, decreased slightly in three environments, and remained constant in the other two (Fig. 1) . The Brule 2013 location with a silt loam soil and high May and July rainfall (Table 1 ) had a quadratic grain yield increase with highest grain yield produced at 44,000 kernels ha -1 (Fig. 1) . In Brule 2012 and North Platte 2012 and 2013, all with silt loam soils but with low seasonal rainfall (Table 1) , the grain yield decreased slightly with increasing seeding rate (Fig. 1 ) likely due to a severe water shortage (Nielsen et al., 2009; Norwood, 2001; Norwood and Currie, 1996) . Seeding rate had no effect on maize grain yield at North Platte 2012 and Ogallala 2013 (Fig. 1 ), but grain yield was approximately 5 Mg ha -1 higher at Ogallala likely due to high seasonal rainfall (Table 1) . Maize grain yield responses to increasing seeding rate could only be partially related to seasonal rainfall amounts or distribution, and visual observations of soil-available water at planting. However, high seeding rates seldom resulted in increased maize grain yield in these low rainfed environments in the Western Corn Belt, consistent with Lyon et al. Increasing the seeding rate correspondingly increased the number of ears m -2 for all environments (Table 2) , with the largest difference being present across environments at the 57,000 kernels ha -1 seeding rate. The number of rows ear -1 was constant across seeding rates, with the exception of a linear decrease in number of rows ear -1 at Ogallala in 2012. The number of rows ear -1 is largely a genetic trait, but is also influenced by extreme environmental conditions (Abendroth et al., 2011; Milander et al., 2016) . The number of North Platte 2013 y = 12.690 P < 0.01 kernels ear -1 (Fig. 2 ) and kernels row -1 (Table 2) decreased linearly with increasing seeding rate for the lower seasonal and July rainfall 2012 year across all environments (Table 1) , consistent with Cicchino et al. (2010) and Norwood (2001) . Seeding rate had no influence on the number of kernels ear -1 or kernels row -1 in 2013, but the number of kernels was greater at Ogallala and Brule than North Platte, which had lower seasonal and July rainfall during the critical pollination growth stage.
Probability ----------------------------ears m -2 ------------------------------
Increasing the seeding rate reduced the kernel weight in North Platte 2012 and 2013, and Ogallala 2012 (Fig. 3) , with no effect in other environments. Bulk density increased with increasing seeding rates (Fig. 4) , except for Brule in 2012. Kernel weight and bulk density had less variation among seeding rates than other grain yield components as also found by Eichenberger et al. (2015) . Bulk densities were highest at North Platte and lowest in Brule. 
Pearson Correlations
In both growing seasons, grain yield association with yield components was inconsistent across environments (Table 3 ). The number of ears m -2 was negatively associated with grain yield in Brule and Ogallala, as would be expected given the hot, dry 2012 season combined with the low soil stored water at planting (Abendroth et al., 2011; Evans et al., 2003) . The number of kernels ear -1 was positively associated with grain yield in all three environments, and kernel weight was positively associated with grain yield in Brule and North Platte. In addition, the number of ears m -2 was negatively associated with the number of kernels row -1 and kernels ear -1 in all environments indicating more, but smaller, ears with higher seeding rates as also found by Milander et al. (2016) under well-watered conditions.
In 2013, grain yield was highly associated with the number of ears m -2 in higher water holding capacity soils in Brule and North Platte (Table 3) , but not at Ogallala with relatively high seasonal rainfall and loamy fine sand soil where no grain yield component was associated with grain yield. The number of ears m -2 was negatively associated with the number of kernels ear -1 in the dry North Platte environment, but not in the other environments. The number of kernels ear -1 was negatively associated with kernel weight in Brule and Ogallala, but positively associated at North Platte.
The number of rows ear -1 was positively associated with the number of kernels ear -1 in all environments and the number of kernels row -1 only in Ogallala in 2012 and North Platte in 2013 (Table 3 ). The number of rows ear -1 was negatively associated with kernel weight in Brule and Ogallala while being positively associated in North Platte in 2013. The association between other grain yield components and bulk density with maize grain yield were inconsistent across environments.
Path Analysis Primary Grain Yeld Components
Fewer large primary grain yield component direct effects on grain yield occurred across environments (Fig. 5 and 6 ) in contrast to path analysis results previously found in relatively well-watered situations (Agrama, 1996; Mohammadi et al., 2003; Milander et al., 2016 . In the dry, hot 2012 growing season (Table 1) , all primary grain yield components had a direct effect on grain yield at Brule and North Platte (Fig. 5A and 5C ) with higher available water capacity and loam or silt loam soils (USDA, 2018). In contrast at Ogallala with a low water holding capacity fine loamy soil, only the number of kernels ear -1 had a direct effect with grain yield (Fig. 5.B) . In this dry, hot growing season, this mid-season grain yield component had direct effects for grain yield, suggesting grain yield response to great mid-season stress was related to the number of kernels ear -1 (Table 1) , consistent with Evans et al. (2003) , Abendroth et al. (2011), and Milander et al. (2016) .
In the higher rainfall 2013 growing season (Table 1) , the number of ears m -2 was the only primary grain yield component with direct effects on grain yield in the higher seasonal rainfall (Table 1) Brule and Ogallala environments (Fig. 6A and 6B ). These environments produced higher grain yields than in 2012 ( Fig. 1) and had similar path models (Fig. 6A and 6B ). It appears that early season stress was the main determining factor on grain yield in these environments. In contrast, at the North Platte location with lower seasonal rainfall, especially in May and July (Table 1) , the number of ears m -2 had a negative direct effect on grain yield, and kernel weight had a small, but significant, positive effect on grain yield (Fig. 6C) . The early season stress due to limited pre-season and early May rainfall (Table 1) apparently had a negative effect on the number of ears m -2 (Table 2) , thereby having a negative direct effect on grain yield. The late-season determined kernel weight had either no or small direct effect on grain yield in all environments, consistent with reports that kernel weight is the most stable primary grain yield component across environments (Eichenberger et al., 2015) .
The early determined number of ears m -2 had negative direct effect on the number of kernels ear -1 and kernel weight in five-outof-six environments ( Fig. 5 and 6 ). The exceptions were Brule in 2013 for the number of ears m -2 on kernels ear -1 and North Platte 2013 for ears m -2 often influenced the development of later-season grain yield components (Nielsen et al., 2009 ). The number of kernels ear -1 had positive direct effects on kernel weight in two 2013 environments as found by Cicchino et al. (2010) , likely related to low late-seasonal rainfall (Table 1) . Primary grain yield components in this study were less often related to maize grain yield than found under well-watered environments (Fig. 6; Milander et al., 2016 Milander et al., , 2017 .
In summary, based on direct effects, the number of ears m environments, but not in the higher rainfall 2013 environments. Direct effects for kernel weight were present in three-outof-six environments, always at low levels. Importance of grain yield components varied across locations, but the number of ears m -2 generally was of most importance and directly related to the seeding rate used (Table 3) , thereby documenting the importance of selecting the proper seeding rate. Without accurate season-long climatic prediction (Mjelde et al., 1998) , producers should opt for low seeding rates and reduced seeding costs (Reeves and Cox, 2013) of approximately 20,000 seeds ha
. This study and Norwood and Currie (1996) indicate that limited seasonal rainfall leads to a low probability of increased maize grain yields with increasing seeding rates.
Secondary Grain Yield Components
Secondary grain yield component direct effects were very consistent across environments ( Fig. 5 and 6 ). The number of ears m -2 had no direct effect on the number of rows ear -1 in five-out-of-six environments, except for North Platte in 2012 when the direct effect was negative, as expected (Abendroth et al., 2011) . The number of rows ear -1 had no direct effect on the number of kernels row . The number of rows ear -1 had a negative direct effect on kernel weight in five-out-ofsix environments, with the exception being North Platte 2012. The number of kernels row -1 had a positive direct effect on kernel weight in North Platte 2012, with no direct effect in other environments. In summary, based on direct effects, the number of rows ear -1 and kernels row -1 had positive direct effects on the number of kernels ear -1 in all environments. These direct effects were especially high for the number of rows ear -1 on the number of kernels ear -1 in the higher seasonal rainfall environments of 2013. Negative direct effects for the number or rows ear -1 and ears m -2 on kernel weight were present in five-outof-six environments. Secondary maize grain yield components exhibited much less variability in direct effects on primary grain yield components among in these water-limited environments than has been found in well-watered situations (Milander et al., 2016 .
CONCLUSION
Seeding rates above 20,000 kernels ha -1 only increased rainfed maize grain yield in one-out-of-six environments studied in western Nebraska, and slightly decreased grain yield in three-outof-six environments. Increased seeding rates increased the number of ears m , and kernel weight. The increased seeding rate associated with more ears m -2 was compensated for by other grain yield components to minimize or reduce maize grain yield response to increased seeding rates in most environments. This varied based on the estimated preplanting soil water status, soil-available water holding capacity, and amount and timing of seasonal rainfall. Compensation of grain yield components clearly influenced maize grain yield across seeding rates in these water-limited environments and merits further research to better define responses and develop improved production practices. Primary grain yield component influence on maize grain yield varied across environments, and secondary grain yield components had less variation in influence on grain yield than in relatively well-watered environments in other studies. In general, the grain yield component number of ears m -2 was most important for grain yield determination in this study followed by the number of kernels ear , and minimize risk since abundant seasonal rainfall does not occur in most years. These data indicate that development of population-neutral hybrids and improved seasonal climate forecasting (Mjelde et al., 1998) would greatly improve producer management practices to improve seeding rate decisions for optimal grain yield and seed costs (Reeves and Cox, 2013) for variable, low rainfall environments in the Western Corn Belt.
